Abstract.-The separation between open and closed circular DNA in buoyant CsCl gradients containing intercalating dyes depends on the superhelix density of the closed form. These separations are about 1.8 times larger with propidium iodide than with ethidium bromide. The superhelix densities of mitochondrial DNA from HeLa cells and Lytechinus pictus eggs appear to be about two thirds that of mitochondrial DNA from rat and rabbit liver.
The dye-buoyant density method' has proved to be a reliable and efficient procedure for the detection and isolation of closed circular DNA. This communication reports the results of a study of variations in the method designed to increase the resolution of closed circular species from open species, while at the same time preserving other useful features of the method, particularly reproducibility and sensitivity for the detection of DNA by inspection or photography of fluorescent bands. The method previously described employed ethidium bromide (EB) I with R, = C6H5 and R2 = C2H5 as the "dye" component. We have found that an ethidium analogue with R2 = C3H6N(C2H5)2CH3, which we refer to as propidium iodide (PI), enhances the resolution between closed and open DNA by a factor of approximately 1.8 relative to ethidium bromide. The increased resolution appears to be independent of the molecular weight and only slightly dependent on the su-NH2 NH2 perhelix density of the DNA. The superhelix density ao is defined as the number of superhelical turns per ten base / pairs under the assumption that the angle of the duplex R R2 is the same in the closed and open forms.2 I The magnitude of the separation between the closed and open (nicked or linear) DNA should be sensitive to the superhelix density of the DNA.3 This has been found to be the case. We have concluded from the results obtained in this study that there are differences in superhelix densities between mitochondrial DNA's from various sources. The superhelix densities of mitochondrial DNA's from HeLa cells and sea urchin eggs appear to be about two thirds as large as those from rat and rabbit liver.
Materials and Methods.-Analogues of ethidium bromide: The analogues of 3,8-diaminophenanthridine used in this study were kindly provided by Dr. T. I. Watkins of Boots Pure Drug Co., Ltd. We have successfully repeated the straightforward synthesis of 3,8-diamino-5-diethylaminopropyl-6-phenylphenanthridinium iodide4 from 3,8-dinitro-6-phenylphenanthridine. Propidium was used as the diiodide salt of the N' methyl derivative of the above quaternary compound.
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Photography and measurement: After centrifugation, the dye-CsCl gradients were illuminated with ultraviolet light as described previously' and photographed through a Wratten 16 filter either with a Polaroid camera and type46L film, ca. 10 sec at f11, 53/4 in., or with a single-lens reflex camera and Ektachrome film, ca. 1 sec at fi .4, 6 in. The resulting transparencies were measured in a Nikon 6 projection comparator.5 A separation on the film could be reproducibly measured to +0.005 cm. The magnification factor for the fixed photographic arrangement was determined by photography of a rule and by measurement of the centrifuge tube width.
Fluorescence measurements: Fluorescence intensities were measured on a Farrand fluorimeter. The uncorrected values for different dyes were compared.
Preparation of DNA's: Viral SV402 and the mitochondrial DNA's6 I were prepared as described elsewhere. In equation (1) , rF is the preferential hydration of the Cs DNA in grams water per gram Cs DNA, v' is the mass of dye bound per gram Cs DNA, and the f)'s are the partial specific volume of water (1), Cs DNA (3), and the dye (4). To an approximation of about 2 per cent for the case where the partial specific volume of the dye is about equal to that of water, AO, the difference in buoyant density between closed (I) and open (II) DNA is given by AG = Ar" (V3 -Vi) + AP" (i3 -V4) (2) (03 + Pfll + vO4)2 where Art = FI, -r.I', and rP' = (FI' + rF,')/2, v' = (VI' + VI,')/2, and Av' = V I -P I'. The quantity AP' is not zero at high levels of an intercalating dye because of the restricted binding2 of the dye to closed circular DNA. It is this effect that gives rise to the buoyant density difference between the closed and open forms of a circular DNA. Analogues of ethidium: A variety of analogues of ethidium were tested for an increase in AO. Table 1 presents the results obtained with SV40 DNA. The individual separations have been normalized with the value for ethidium bromide (EB) measured in the same experiment in order to cancel out small variations due to time, temperature, speed, and radial distance. The ratio ArX/ArE is designated x. The dye concentrations were 300-500 ;&g/ml, and the initial density was 1.55-1.58 gm/ml. The samples were centrifuged in an SW50 rotor at 43 krpm for 48 hr at 200.
Choice of experimental conditions: The properties of propidium iodide (PI) (RI = X, R2 = C3H6N(C2H5)2CH3) relative to EB were studied in more detail.
The separation between closed and open SV40 DNA in an ethidium chloridecesium chloride density gradient is approximately constant at high dye levels. The separation becomes smaller, however, if the free dye concentration in the region of the bands falls below about 75 ,jg/ml. This can occur in preparative ultracentrifuges because of the large redistribution of the dye in the gradient. We have found that the originally described conditions,' p = 1.55 gm/ml and 100 ,g/ml EB, are barely adequate to maintain the needed free dye concentration at the bands. Raising the initial EB concentration from 200 to 500 jug/ml has no observable effect on the separation of SV40 DNA components. In the case of PI, it was found that the separation increased upon raising the concentration from 100 to 300 ,g/ml, but then remained constant to 500 /Ag/ml. At these high dye levels, however, the sensitivity for detection by fluorescence is somewhat reduced because of the fluorescence of free dye.
The optimum choice of an initial dye concentration also depends on the initial density. Low dye concentrations can be used if the density is sufficiently high that the bands form near the top of the cell where the dye is concentrated. The final choice was 300-500 ,ug/ml of dye, either EB or PI, and density of 1.58 gm/ml. Centrifugation for 24 hours at 43 krpm in a 3.0-ml volume in an SW50 rotor is sufficient for preparative purposes, although 48 hours was routinely used in this study. The details of the centrifugation are unimportant and a wide variety of rotors (including angle rotors) has been used in this laboratory. A tube containing a reference DNA in the open and closed form was always included in the same rotor for purposes of quantitative comparison.
The effect of molecular weight and superhelix density on the separation enhancement of PI over EB: The increased separation of SV40 DNA's in PI as compared with EB is shown in Figure la , b. The same result (Table 2) was obtained in a similar experiment with HeLa cell mitochondrial DNA (M-DNA), which has a molecular weight approximately three times higher than SV40 DNA. The ratio of separations with PI over EB, x, is approximately 1.8 in each case. This is the expected result, since all of the properties that determine the buoyant density of a DNA-dye complex are intensive, and there should be no effect of molecular weight. have about 15 per cent of the superhelix density of SV40 1.13 SV40 Li DNA should have a similarly low superhelix density. SV40 L2 DNA, on the other hand, has a high superhelix density because it was closed in an underwound condition. The extent of this underwinding, and the final superhelix density, depends on the amount of dye bound to the DNA at the instant of closure.'4 Rough calculations demonstrate that the superhelix density of SV40 L2 DNA should be substantially higher than that of SV40 I DNA.
The separations of these forms of SV40 DNA have been determined in EB and PI in order to see if there was any effect of the initial superhelix density on x ( Table 2 ). There seems to be no large effect, although a trend may be indicated.
Fluorescence: EB and PI were compared for fluorescence enhancements at 365 mu and found to be the same. This implies that the detection sensitivity of PI and EB should also be equal. However, in practice it seems that PI is somewhat less sensitive than EI for detecting small amounts of DNA.
Removal of dye: Several methods are available for removal of EB and PI. Removal is greatly facilitated by high salt because of the reduced binding affinity of DNA for dye. Dialysis against low ionic strength medium is inefficient. The dye is easily removed from the DNA in the 4.5 M CsCl by passage through a Dowex 50 column,' or by extraction with isopropanol'6 or isoamyl alcohol followed by ether extraction. The extraction methods have the advantage that they are quick and can be used on small samples with little dilution.
Variation of the buoyant separation with superhelix density: Consider the three forms of SV40 DNA which have been made as described above. SV40 Li has a low superhelix density, SV40 I has an intermediate superhelix density, and SV40 L2 has a high superhelix density. The binding of an intercalative dye to these molecules is shown schematically (Fig. lc) is a constant with respect to Uo, the amount of dye bound at saturation, v = vC + v., should depend on aO-, and closed circular molecules with high (negative) superhelix densities would exhibit small separations in a dye-buoyant density system. A high initial superhelix density results in increased binding at saturation and a decreased buoyant density. There is, however, a limit for the sum v, + v, which cannot exceed v,,, maxy the maximum number of binding sites, expressed in moles dye per phosphate, on the nicked circular form. As the limit is approached for molecules with high superhelix density, the assumption that v, is independent of 0o may no longer be valid. ducted with each of the DNA's separately to be sure of the assignment of the bands. The result is that SV40 L2 DNA, the high superhelix density DNA, shows a very small buoyant separation from the open form. The native DNA, SV40 I DNA, shows an intermediate separation and SV40 Li DNA, the low superhelix density DNA, shows a large buoyant separation. The trend of these data is in the direction expected; fir varies inversely with 0o. The sensitivity of the separation to a given change in the superhelix density is about 1.8 times as large for PI as for EB.
The buoyant separation between SV40 I and II in an EB-CsCl gradient was measured six times under standard conditions (Table 3 ) and found to be 0.297 i 0.004 cm (SE). The separation is thus very reproducible. In three experiments with HeLa M-DNA in EB, it was found that the separation 0.340 i4 0.005 cm was slightly but significantly larger than the SV40 separation. This was also the case in PI, where there was no doubt about the larger separation for HeLa cell M-DNA, 0.608 cm, as compared with 0.545 cm for SV40 DNA (Fig. 2c, d ). An experiment with a mixture of SV40 I, SV40 II, HeLa M I, and HeLa M II DNA's in EB showed a slight splitting of the bottom bands, but not of the top bands. The obvious interpretation of these results is that HeLa cell M-DNA has a lower superhelix density than SV40 I DNA.
The separation between closed and open DNA's in a dye-CsCl density gradient should also depend on the buoyant density of the DNA in the absence of dye, and hence on the G + C content of the DNA. This effect has been estimated to result in about a 1/2 per cent increase in the closed to open separation of DNA per 1 per cent increase in G + C content3 for the case in which the binding constant is independent of G + C and o4 1. We have measured the buoyant separations of rat and rabbit liver M-DNA in EC and have found them to be about the same as or slightly less than SV40 DNA (Table 3 ). The separation for chicken liver M-DNA is smaller than that for HeLa M-DNA (Fig. 2e, f) . The separation measured for sea urchin (L. pictus) M-DNA is considerably larger than for rat and rabbit liver M-DNA's, but less than for HeLa M-DNA ( 
